Autobiographical memory relies on complex interactions between episodic memory contents, associated emotions and a sense of self-continuity along the time axis of one's life history. The neural correlates underlying autobiographical memory are known to primarily comprise areas of prefrontal cortex, medial and lateral temporal cortex, as well as posterior cingulate and retrosplenial cortex. By contrast, the effect of encoding and/or storage parameters such as the emotional tone of the memories retrieved or the length of the timeinterval between the initial encoding of information and retrieval remains to be clari®ed. Using blocked design functional MRI and statistical parametric mapping, we investigated the impact of remoteness (factor 1: recent, remote) and emotional valence (factor 2: positive, negative) on the neural correlates of autobiographical memory retrieval. Changes in neural activity (P < 0.05, corrected) related to autobiographical memory retrieval (irrespective of remoteness and emotional tone) relative to baseline were observed bilaterally in medial and lateral temporal, temporal±occipital, posterior cingulate and frontal cortices. Recent (relative to remote) memories were associated with differentially increased neural activity bilaterally in the retrosplenial cortex and the hippocampal region, whereas remote (relative to recent) memories did not show any statistically signi®cant differential neural activations. Positive (relative to negative) memories bilaterally activated the orbitofrontal cortex, the temporal pole, as well as medial temporal areas, with the activation peak being in the entorhinal region. By contrast, negative (relative to positive) memories differentially increased neural activity in the right middle temporal gyrus only. The data suggest differential functional roles for temporal, prefrontal and retrosplenial regions during autobiographical memory retrieval depending on the remoteness and the emotional valence of the memories retrieved. In particular, our ®ndings support the`classic' model of long-term memory processing, which suggests a time-limited differential involvement of the hippocampus in memory consolidation. Interestingly, the observation of such a time-dependent involvement of the hippocampal region in memory consolidation corresponds to the course of retrograde amnesia observed in demented patients, with the loss of recent memories appearing during early stages of the disease when conspicuous neuro®brillary changes are restricted mainly to the hippocampal and parahippocampal regions. Only during later stages, as the neuro®brillary changes spread out to neocortical association areas, do remote memories also become impaired. We conclude that the brain regions involved in autobiographical memory retrieval are in¯uenced by the triggered memories' emotional signi®cance and their relationship to the individual time axis.
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Introduction
Autobiographical memory can best be characterized as a subsystem of episodic memory that implies emotion processing. It also provides a direct link into the awareness of the time course of one's life history, as it is speci®cally engaged in the meaningful reconstruction of one's own past (Tulving, 1983; Fink et al., 1996; Tulving and Markowitsch, 1998) . To do so, the contents of episodic memory need to be integrated with a sense of self-coherence and self-continuity. Furthermore, the recollective experience is, at least in part, related to the evocation of previously experienced emotions. The integration of these diverse processes allows for the creation of subjectively meaningful life experiences. Due to this highly complex interaction of cognitive and emotional processes, the experimental investigation of the neural basis of autobiographical memory remains a challenge to neuroscientists. In humans, functional neuroimaging allows insights into the neural correlates of both memory and emotional states. However, most functional neuroimaging studies concerned with the in¯uence of emotions on the neural mechanisms underlying episodic memory have so far focused on encoding and retrieval processes of non-autobiographical and hence less complex verbal or pictorial material (e.g. Hamann et al., 1999; Dolan et al., 2000; Tabert et al., 2001) , where the involved components can be isolated and controlled far more easily than when studying memories of one's personal past.
Accordingly, only a few functional neuroimaging studies have directly investigated the neural correlates of autobiographical memory. In a PET study, Fink and colleagues compared the neural activations associated with the recollection of autobiographical episodes (personal condition) with those related to recall of biographical episodes of persons unknown to the subjects (impersonal condition) (Fink et al., 1996) . Autobiographical memory relative to a lowlevel (resting) baseline resulted in bilateral activations of the medial and superior temporal gyri, the temporal poles, as well as temporal-mesial, dorsal frontal and posterior cingulate/ retrosplenial areas, with a lateralization of neural activity increases to the right hemisphere. The recollection of autobiographical episodes relative to biographical episodes of unknown persons led to additional increases in neural activity, primarily in right prefrontal areas, temporal±mesial and temporal±lateral cortex, insula and posterior cingulate areas, suggesting that a preponderantly right hemispheric network of prefrontal and temporal areas, as well as posterior cingulate/retrosplenial areas is engaged in the retrieval of emotion-laden autobiographical memories. The study did not address the interesting question of whether different qualities or features of autobiographical memoriesÐfor example, encoding and/or storage parameters like the emotional tone or the age of the memories retrievedÐare represented in separate neural components (Fink et al., 1996) . Surprisingly, experimental information regarding these issues remains scarce to date.
Although one can, for example, remember in moderate detail the process of buying a couple of shirts 3 months ago, an experience which is pretty neutral, autobiographical memories are typically associated with emotional contents (Markowitsch, 1998 (Markowitsch, , 2000 Dolan et al., 2000) and both encoding and retrieval processes are known to be in¯uenced by emotional valence (Holmes, 1970; Brewer, 1988; Bower, 1992) . As structures of the limbic system are engaged in both memory and emotion processing, the speci®c functions underlying increased neural activity in these areas and the speci®c degrees of their involvement in autobiographical memory are of particular interest. In a recent PET study, Dolan and colleagues investigated whether distinct or similar brain regions are involved in retrieving emotional versus neutral pictorial material (Dolan et al., 2000) . By varying task requirements (recognition memory versus a judgement task) and target item density, two distinct patterns of neural activation relating to emotional memory retrieval were identi®ed. A right anterior temporal activation was observed that re¯ected the (tonic) psychological set associated with emotional episodic memory retrieval, while a left amygdala response re¯ected phasic emotional item-related responses. The data thus support the notion that emotions interact with the neural mechanisms of memory retrieval and suggest that such an interaction depends upon the speci®c task demands.
The matter is further complicated by the fact that autobiographical memories are characterized by their speci®c relationship to the individual time axis. The time-point of the initial encoding of the information, memory consolidation processes and further time-related parameters are all assumed to interact with the neural mechanisms underlying autobiographical memory retrieval. They are thus likely to modulate the neural processes (and the brain regions) involved. Here, a longstanding key debate is concerned with the duration and persistence of hippocampal involvement in memory retrieval. One view attributes a time-limited or time-dependent engagement of the hippocampal system in declarative memory retrieval (Squire, 1992; Teng and Squire, 1999) . The other view, by contrast, favours a life-long engagement of the hippocampal system in the recollection of episodic memories (Nadel and Moscovitch, 1997; Ryan et al., 2001) .
The current study addresses the issue of whether differential emotional valence and remoteness of memories modulate the functional neuroanatomy of autobiographical memory retrieval. In a functional MRI (fMRI) experiment with 20 volunteers, we measured changes in the regional blood oxygenation level-dependent (BOLD) signals associated with four experimental conditions of interest (recent, remote, positive and negative autobiographical memory retrieval) and a low-level`baseline' applying a factorial blocked design with the factors TIME (recent, remote memories) and EMOTION (positive, negative tone). By means of this design, we assessed both the common and differential neural mechanisms underlying positive/negative and recent/remote autobiographical memories and their interactions.
Material and methods Subjects
Twenty healthy, right-handed subjects (10 male, 10 female; mean age TSD = 26 T 3 years) with no history of psychiatric or neurological disorder were enrolled and written informed consent was obtained from all subjects prior to participation. The study was approved by the local ethics Committee of the Heinrich-Heine University, Du Èsseldorf.
Stimuli
For each subject, individual stimuli were acquired by means of a semi-structured autobiographical interview (mean duration = 3.5 h; the interval between the interview and the scanning session was 5±6 weeks). Participants reported 10 positive and 10 negative childhood memories (up to age 10 years) as well as 10 positive and 10 negative memories from their recent past (last 5 years before the interview). Subjects were required to provide detailed contextual information for each remembered episode to allow for the preparation of verbal stimuli describing speci®c situations of the respective episodes. Six different stimulus sentences were constructed for each autobiographical episode retrieved. Thus, a total of 60 sentences was generated for each of the four memory conditions for each subject: (i) childhood positive (CP); (ii) childhood negative (CN); (iii) recent positive (RP); and (iv) recent negative (RN). This material (i.e. 240 non-identical individual stimulus sentences per subject) was used during the fMRI measurements to trigger the associated autobiographical memories (see Appendices 1 and 2).
Tasks and experimental design
For visual presentation of the verbal stimulus material during the fMRI experiment, a mirror construction was used to re¯ect the stimulus display. Stimuli were presented in black on a white background. Lying in the MR scanner, subjects viewed the display from a distance of 26 cm (14 cm screen to mirror, 12 cm mirror to subject's eyes). Presentation and timing of stimuli was accomplished using MEL 4.0 (MEL Professional, Psychology Software Tools, Inc., Pittsburgh, PA, USA). Six individual trials (i.e. stimuli, which each triggered different autobiographical episodes) of one of the four memory conditions were blocked together. Each trial consisted of a stimulus on time of 4.3 s and an interstimulus interval of 1 s. Thus, each block of trials had a duration of 31.8 s. A factorial-blocked design was applied to evoke the neural responses associated with retrieval of different types of emotional tone (negative, positive) and remoteness (recent, remote) of autobiographical memory. Memory conditions were separated from each other by low-level baselines (each lasting 16 s), during which the instructions for the next block of trials were presented. Instructions were as follows:`Please remember the events and situations of your personal life history speci®ed in the displayed sentences as vividly and emotionally as possible. ' Per baseline, four (whole brain) volumes [TR (repetition time) = 4 s] were acquired. Per block of trials of each memory condition (CP, CN, RP, RN), eight (whole brain) volumes (TR = 4 s) were acquired. A total of ®ve experimental runs each consisting of nine baselines and eight memory blocks were performed, leading to the acquisition of a total of 500 volumes per subject (100 volume images per run). This scanning paradigm resulted in two repeats per condition per experimental run, leading to 10 repeats per condition per subject. The order of the memory conditions was counterbalanced across runs and individuals. There was no repeat of the individual stimulus sentences, neither within nor across the experimental conditions to avoid any habituation effects.
To control for the subjects' alertness during a block of trials, we included a subordinate reaction time task into the autobiographical memory task. During the interstimulus interval, subjects viewed either a blank screen for 1 s, or a checkerboard for 500 ms followed by a blank screen for the remaining 500 ms. During each block of trials, 1±4 checkerboards were presented. The number of times a checkerboard was presented was kept identical across all conditions. Subjects were instructed to press a button on a keypad located right of their body with their right index ®nger as fast as possible upon successful detection of the checkerboard.
Prior to scanning, subjects were familiarized with the experimental set-up and the tasks. Subjects were informed that the reaction time task was subordinate to the autobiographical memory task to prevent them from concentrating on the checkerboard. Moreover, they were required to read the instruction for the next block of trials repeatedly to make sure that the same cognitive task was performed in all baseline conditions.
MRI hardware and technical parameters
Scanning was performed using a 1.5 T whole-body scanner (Siemens Vision, Erlangen, Germany) with EPI (echo-planar imaging) capability. A standard radio frequency head coil was used for transmitting and receiving. Prior to functional neuroimaging, high resolution anatomical images were acquired using a T 1 -weighted 3D magnetization-prepared, rapid acquisition gradient echo (MP-RAGE) pulse sequence with the following parameters: TE (echo time) = 4.4 ms, TR = 11.4 ms, TI (inversion time) = 300 ms,¯ip angle = 15°, slice thickness = 1.25 mm, FOV (®eld of view) = 230 mm, matrix = 200 Q 256, 128 sagittal slices. fMRI images were acquired in axial plane with a gradient echo EPI pulse sequence using BOLD contrast. Sequence parameters were as follows: TE = 66 ms, TR = 4 s,¯ip angle = 90°, slice thickness = 4 mm, inter-slice gap = 0.4 mm, FOV = 200 mm, in plane resolution = 3.125 mm Q 3.125 mm, matrix = 64 Q 64, 30 transversal slices. These 30 slices covered a subject's brain from the cerebellar vermis up to the vertex and were oriented along the anterior±posterior commissure (AC±PC) line using a midsagittal scout image. The fMRI paradigm consisted of the ®ve time-series as described above. Each of these timeseries was preceded by four dummy images to allow the MRI signal to reach steady state.
Post-scanning debrie®ng
To assess successful recognition and correct association of each stimulus with the respective personal past episode during the fMRI measurement, each subject was asked immediately after scanning to read all stimulus sentences again. For each of the 240 individual stimuli, subjects retrospectively indicated: (i) whether they recognized the associated context during scanning; (ii) whether it triggered a positive or a negative tone associated with the memory; and (iii) whether it was associated with a recent or a remote memory.
Furthermore, subjects completed a questionnaire on characteristic features of autobiographical memory for each condition separately. On a rating scale ranging from 0 to 5 (0 = not at all, 1 = scarcely, 2 = slightly, 3 = fairly, 4 = intense, 5 = highly intense), subjects retrospectively rated the intensities of the retrieved memories' characteristics during the scanning session with respect to the following items: picture-likeness, scene-likeness, colouredness, emotionality, re-experience, vividness, richness of details, role of language, olfactory perceptions, temperature, perceptions of touch, acoustical perceptions and gustatory perceptions.
Image processing
Image processing and all statistical calculations were performed on Ultra 20 workstations (SUN Microsystems Computers, Palo Alto, CA, USA) using MATLAB (The Mathworks Inc., Natick, MA, USA) and statistical parametric mapping (SPM) software (SPM99; Wellcome Department of Cognitive Neurology, London, UK; http://www.®l.ion.ucl. ac.uk). SPM99 was employed for image preprocessing (image realignment, co-registration, normalization and smoothing) and to create statistical maps of changes in relative regional BOLD responses corresponding to the four memory conditions and the baseline (Friston et al., 1995a, b) .
The ®rst four images of each time series were discarded to allow the MRI signal to reach steady state (see above). To correct for head movement between scans, the remaining 100 volume images of each time series were realigned to the ®rst image i.e. to the ®fth image of each time series. Following realignment, all image sets were co-registered to the 3D anatomical images acquired prior to functional neuroimaging. For image co-registration, SPM99 and MPItool (Max-Planck Institute for Neurological Research, Cologne, Germany) were used. Thereafter, images were transformed using linear proportions and a non-linear sampling algorithm into standard stereotactic space as de®ned by Talairach and Tournoux (1988) with the intercommissural AC±PC line being used as the reference plane (Friston et al., 1995a) . For this normalization procedure, a representative brain from the Montreal Neurological Institute series provided by SPM99 was employed as the reference template (Evans et al., 1994) . Subsequently, all data were expressed in terms of standard stereotactic x, y and z coordinates using the Talairach and Tournoux (1988) stereotactic space convention. The resulting pixel size was 2 Q 2 mm with an interplane distance of 2 mm. Following normalization procedures, transformed data were smoothed with a Gaussian kernel of 10 mm (full width half maximum) for the group analysis to compensate for normal variation in individual brain size and shape (as well as gyral and sulcal anatomy across subjects) and to meet the statistical requirements of the theory of Gaussian random ®elds presupposed by the general linear model employed in SPM99. To restrict analysis to intracranial regions, only voxels with values > 0.8 of the volume mean in all images were selected.
Statistical analyses
Following image pre-processing, statistical analyses of fMRI data were performed. Subject-speci®c low frequency drifts in signal were modelled and removed using low frequency cosine waves, and proportional scaling normalized the global means. Data analysis was performed by modelling the experimental memory conditions (CP, CN, RP, RN) and the baseline by means of reference waveforms which correspond to boxcar functions convolved with a haemodynamic response function (Friston et al., 1995a) . Accordingly, a design matrix that comprised contrasts modelling alternating intervals of`activation' (referring to the four different memory conditions) and`baseline' was de®ned. Speci®c effects were assessed by applying appropriate linear contrasts to the parameter estimates of the four experimental memory conditions and the baselines resulting in t-statistics for each voxel. These t-statistics were then transformed to Z-statistics constituting SPM {Z} of differences between both the memory conditions and between the memory conditions and the baseline. SPM {Z} -statistics were interpreted in light of the theory of probabilistic behaviour of Gaussian random ®elds (Friston et al., 1995b) .
For the group analysis, repeated measures were collapsed within subject and within experimental run after having adjusted for both global blood¯ow by means of proportional scaling, and low frequency drifts by employing a high pass ®lter of 100 s (see above). This procedure resulted in one scan per condition per subject. Thereafter, experimental conditions were compared between subjects, thereby effecting a random effects model. Voxels had to pass a height threshold of T = 4.88 (corresponding to Z = 4.6; P < 0.05, corrected for multiple comparisons; Friston, 1997) in order to be identi®ed as re¯ecting statistically signi®cant activation; no extent threshold was applied. These relatively stringent statistical thresholds were employed to reduce the likelihood of type II errors. In addition, small volume corrections (Worsley et al., 1996) were employed to allow for a (hypothesis-driven) region of interest (ROI) approach to the hippocampal region. A priori, x, y and z coordinates for the hippocampus were derived from Talairach and Tournaux's atlas (Talairach and Tournaux, 1988) , which allowed us to centre the ROIs on the hippocampal region: x = +32, y = ±14 and z = ±18 (right hippocampus) and x = ±24, y = ±18 and z = ±14 (left hippocampus). These coordinates are well within the range of coordinates for activations of the hippocampal region reported in previous studies (e.g. Lane et al., 1997) . The extent of the spherical ROIs was set to 10 mm, i.e. Gaussian kernel used for smoothing the group data (see above).
Masking of the relevant contrasts was performed to assess whether or not relative increases in neural activity between conditions re¯ected activations in the condition of interest or rather deactivations in the other (relative to baseline).
Data were analysed for the overall effect of emotional 
Localization of activations
Standard stereotactic coordinates of pixels showing local maximum activation were determined within areas of signi®cant relative changes in neural activity associated with the demands of the different memory conditions. These local maxima were anatomically localized by reference to a standard stereotactic atlas (Talairach and Tournoux, 1988) . For validation of this method of localization, SPM {Z} -statistics were superimposed on the group mean 3D MRI image, which was calculated following stereotactic transformation of each individual's 3D MRI image into the same standard stereotactic space of the Montreal Neurological Institute average brain (Friston et al., 1995b) employed as a template by SPM99 (see above).
Results

Brain activity associated with all memory conditions versus baseline
Signi®cant increases in neural activity (P < 0.05, corrected) related to all memory conditions (irrespective of remoteness and emotional tone) relative to baseline were observed bilaterally in the posterior cingulate/retrosplenial cortex, medial and lateral temporal cortex, temporal±occipital cortex and dorsal±occipital cortex extending into the fusiform gyrus, the parahippocampal and hippocampal regions and, All activations signi®cant at P < 0.05, corrected for multiple comparisons across the whole brain volume. Brain regions showing relative signi®cant BOLD signal increases associated with all memory conditions versus baseline. For each region of activation, the coordinates in standard stereotactic space are given, referring to the maximally activated focus within an area of activation as indicated by the highest Z-score. x = distance (mm) to right (R; +) or left (L; ±) of the midsagittal plane; y = distance anterior (+) or posterior (±) to vertical plane through the anterior commissure; z = distance above (+) or below (±) the inter-commissural (AC-PC) plane.
bilaterally, though predominantly left hemispheric in the ventrolateral and dorsolateral prefrontal cortex (see Table 1 ).
There was additional activation of the supplementary motor area, the right cerebellum and the left superior parietal cortex. Fig. 1 Relative increases in neural activity (for 20 subjects) associated with recent autobiographical memories compared with remote childhood memories, irrespective of emotional tone (positive or negative). The local maxima of areas of statistically signi®cant relative increases in neural activity (P < 0.05, corrected for multiple comparisons across the entire brain volume for the retrosplenial cortex; P < 0.05, ROI-corrected for multiple comparisons for the hippocampal region; see Material and methods) are superimposed on MRI sections of the group mean 3D structural image (normalized into the same standard stereotactic space) to depict the functional anatomy of the activations and their relationship to the underlying structural anatomy. There is bilaterally increased neural activity related to recent (relative to remote) autobiographical memories in the hippocampal regions (A) and the retrosplenial cortex (B). The histograms display the percentage BOLD signal change for the relevant local maxima in the areas of signi®cantly increased neural activity as a function of the respective experimental condition. The exact coordinates of the local maxima within the areas of activation and their Z-and t-statistics are shown in Table 2A . R = right; L = left; A = anterior; P = posterior.
Brain activity associated with differential remoteness of memories: recent versus remote
Recent (relative to remote) memories bilaterally increased neural activity in the retrosplenial cortex (P < 0.05, corrected for multiple comparisons across the whole brain) extending into the posterior cingulate cortex. An additional hypothesisdriven ROI-based analysis of the hippocampal region revealed signi®cant (P < 0.05; small volume corrected) activation of this area bilaterally with the local maxima being in the posterior aspects of the hippocampal regions. The inverse contrast (remote relative to recent) revealed no signi®cant differential increases in neural activity associated with remote memories. Fig. 1A and B display the brain regions with differential increases in neural activity related to recent memories; Table 2A provides the respective stereotactic coordinates and Z-scores.
Brain activity associated with differential emotional tone of memories: positive versus negative
When compared with negative memories, positive memories differentially increased neural activity in the right orbitofrontal cortex and temporal pole, as well as bilaterally in the medial temporal cortex centred upon the entorhinal region (see Table 2B ). The reverse contrast revealed differential increases in neural activity associated with negative (relative to positive) memories in the right middle temporal gyrus only (see Table 2C ). Figs 2 and 3 display the brain regions with differential increases in neural activity related to positive and negative memories, respectively. As the neural activations in the medial temporal regions may show marked habituation to repeated stimuli, we tested for such habituation effects in the medial temporal activations observed (despite the fact that no stimulus was repeated, yet accounting for the repeated occurrence of episodes to be retrieved). At the single subject level, introduction of time (i.e. repetition of a given memory episode) as a covariate did not reveal any signi®cant changes of neural activity in the entorhinal region or the amygdala complex.
Interactions
The analyses of the interaction terms [(CN > CP) > (RN > RP) and (RN > RP) > (CN > CP)] revealed no statistically signi®cant interactions between the factors TIME and EMOTION.
Reaction times and error rates in the subordinate alertness task during the fMRI experiment Statistical analysis of the subjects' reaction times and error rates in the subordinate task did not reveal any signi®cant differences (reaction times, P = 0.347; error rates, P = 0.687) between the four memory conditions suggesting that the overall level of alertness was the same across all memory conditions.
Post-scanning debrie®ng procedures
Post-scanning recognition of the stimulus sentences and their correct assignment to the respective personal episodes of the subjects' past was 97.6% across all conditions without statistically signi®cant differences between the four memory conditions (CP = 96.8% T 5.6; CN = 96.6% T 5.5; RP = 98.3% T 4.1; RN = 98.7% T 3.1), although there was a tendency towards a higher percentage of recognition for recent relative to remote memories.
The results of the questionnaire concerned with characteristic features of autobiographical memory were analysed Table 2B . R = right; L = left; A = anterior; P = posterior.
employing an ANOVA (analysis of variance) with repeated measures on one factor (interaction: factor Q group; df = 1). To keep the signi®cance level for multiple comparisons between items at P < 0.05, single comparisons' a levels were adjusted according to the Bonferroni inequality. Signi®cantly higher ratings for recent relative to remote memories were obtained for the items picture-likeness (F = 10.7; P = 0.004), emotionality (F = 12.0; P = 0.003), re-experience (F = 17.3; P = 0.001), and richness of details (F = 13.6; P = 0.002). By contrast, no statistically signi®cant differences in the subjects' ratings were observed for positive versus negative memories.
Discussion
Joint effect of all memory conditions
The areas activated by all memory conditions (relative to baseline) correspond to the known networks supporting episodic non-autobiographical and autobiographical memory retrieval, and are in good accordance with most current models of episodic memory (see e.g. Squire, 1992; Nadel and Moscovitch, 1997; Tulving and Markowitsch, 1998) . The areas activated included (bilaterally, but predominantly left hemispheric): the ventrolateral and dorsolateral prefrontal cortex; lateral (neocortical) and medial (mesolimbic) temporal regions, including the hippocampal and parahippocampal regions; the fusiform gyrus extending into the temporaloccipital cortex; and the retrosplenial and posterior cingulate cortices. The ®nding of left hemisphere dominance associated with autobiographical memory retrieval was somewhat unexpected, as the data reported by Fink and colleagues implicated a predominantly right-hemispheric network of brain regions in the retrieval of emotionally laden autobiographical memories (Fink et al., 1996) . However, recent functional neuroimaging studies concerned with different components of episodic memory encoding and retrieval (for a review see Lee et al., 2003) strongly suggest that laterality effects in the Fig. 3 Relative increases in neural activity in the right middle temporal gyrus (for 20 subjects) associated with negative autobiographical memories, irrespective of the factor time (recent or remote). The local maxima of areas of signi®cant relative increases in neural activity (P < 0.05, corrected for multiple comparisons across the whole brain volume) are superimposed on sagittal (A), coronal (C) and transverse sections (D) of the group mean 3D structural MRI image. The histogram displays the percentage BOLD signal change for the relevant local maximum in the area of signi®cantly increased neural activity as a function of the respective experimental condition (B). The exact coordinates of the local maxima within the areas of activation and their Z-and t-statistics are shown in Table 2C . R = right; L = left; A = anterior; P = posterior. neural activation patterns associated with episodic memory encoding and retrieval depend upon the distinct stimulus characteristics (e.g. type of stimulus materials, modality of stimulus presentation), the complexity of the stimulus material and the information to be retrieved, and the speci®c task demands rather than clear functional hemispheric specialization. For example, Nolde and colleagues reported that rather simple episodic memory tasks yielded right prefrontal activations (Nolde et al., 1998a, b) . In contrast, activations in several distinct areas of the left prefrontal cortex during episodic memory retrieval were related to increasing complexity of retrieved information. Furthermore, Ranganath and colleagues demonstrated that increased neural activity in left prefrontal regions was associated with the retrieval of speci®c perceptual information (Ranganath et al., 2000) . Our subjects retrieved highly complex information, and most likely concentrated on perceptual aspects with high imageability during the retrieval processes as is suggested by the behavioural data (subjects gave highest ratings across memory conditions for the item`picture-like memories'). The degree of hemispheric lateralization observed in our current data is thus consistent with recent neuroimaging studies of episodic memory retrieval. Likewise, high imageability of retrieved memories is likely to have caused the extended bilateral activations of the fusiform gyrus and temporal± occipital as well as dorsal±occipital cortex which are known to be activated by visual attention (Fink et al., 1997; Corbetta et al., 1998) and imagery (Howard et al., 1998) .
Given the above argument regarding the effects of complexity and perceptual speci®city on the neural correlates of episodic memory retrieval, the ®nding of a primarily righthemispheric neural network underlying emotional episodic memory retrieval reported by Fink and colleagues is also likely to re¯ect the speci®c task demands of that study (Fink et al., 1996) ; they required their subjects to switch between the retrieval of autobiographical experiences (autobiographical episodic memory = personal) and the biography of a person unknown to them but presented prior to scanning (i.e. impersonal episodic memory). Right-hemispheric activations associated with autobiographical memory when contrasted with the retrieval of an unknown person's biography could thus have resulted from, for example, taking a self-perspective during remembering personal past episodes (e.g. Keenan et al., 2001; Vogeley et al., 2001 ). Furthermore, it should be kept in mind that recall of an unknown person's biography lacks both the typical link into the time course of an individual's personal life history and the emotional reexperience of one's own past experiences associated with autobiographical memory. The intricate phenomena of mental time travel' (Tulving and Markowitsch, 1998) are thus absent when retrieving the biography of a person unknown and may equally well account for or contribute to the right hemispheric preponderance observed by one study (Fink et al., 1996) .
Finally, in the current study, stimuli were presented visually so that subjects had to read the written material which might have contributed in part to the observed lefthemispheric activations.
Main effect of the factor TIME The hippocampal region
The differential increases in neural activity in the hippocampal region bilaterally associated with recent relative to remote memories are of great interest with respect to the ongoing debate on the nature of hippocampal involvement in memory retrieval. To date, numerous investigations of the hippocampal involvement in memory functions have been performed, including studies in rodents (e.g. Aggleton et al., 1986; Sutherland and McDonald, 1990 ) and non-human primates (e.g. Salmon et al., 1987; Zola-Morgan and Squire, 1990; Gaffan, 1993) , neuropsychological assessment of patients with medial temporal lobe damage (e.g. Beatty et al., 1987; Yoneda et al., 1992; De Renzi and Lecchelli, 1993) and functional neuroimaging studies of healthy human subjects (e.g. Haist et al., 2001; Maguire et al., 2001a) . From these studies, a general agreement has emerged that the hippocampus is speci®cally engaged in declarative memory and that hippocampal lesions can result in both anterograde and retrograde amnesia. Interestingly, damage to the hippocampus may disrupt some encoding and retrieval tasks while leaving other forms of learning and memory unaffected (Sutherland et al., 2001) .
The`classic' model of long-term memory processing (Squire, 1992; Teng and Squire, 1999) suggests a timedependent degree of involvement of the hippocampal formation in long-term memory consolidation. This model assumes that memories are transferred to neocortical areas within a certain time-interval and upon storage become independent of the hippocampal formation. To date, a considerable number of lesion studies in animals (e.g. Winocur, 1990; ZolaMorgan and Squire, 1990) as well as neuropsychological studies of patients with damage to the hippocampal region and severe loss of recently acquired information but persisting remote memories (Zola-Morgan et al., 1986; Teyler and Perkins, 1988; Squire, 1992; Rempel-Clower et al., 1996; Anagnostaras et al., 1999; Bak et al., 2001) have corroborated this view. Animal lesion studies of the hippocampus revealed temporally graded retrograde amnesia covering days to months, and studies of amnesic patients with hippocampal damage demonstrated temporal gradients ranging from years to decades. Rempel-Clower and colleagues reported that the length of temporal gradients of enduring retrograde amnesia correlated with the increasing extent of hippocampal damage (Rempel-Clower et al., 1996) . In two patients with damage limited to the CA1 ®eld of the hippocampal region, retrograde amnesia covered the last 2 years prior to brain damage only. In the other two patients with more extensive damage to the hippocampal formation, the memory impairment extended back at least 15 years in one patient and as much as 25 years in the other. By contrast, other lesion studies investigating the degree of hippocampal involvement in memory functions in both animals Bolhuis et al., 1994) and humans (Beatty et al., 1988; Nadel and Moscovitch, 1997; Westmacott et al., 2001 ) have failed to replicate the above characteristic pattern of a time-dependent memory loss. Rather,¯at gradients with equivalent memory loss for all time periods prior to hippocampal damage were reported. The factors determining the absence or presence, as well as the length of temporal gradients in retrograde amnesia resulting from hippocampal lesions, thus remain largely obscure.
In view of the inconsistent ®ndings above, an alternative model for long-term memory consolidation has been proposed: the multiple trace theory (Nadel and Moscovitch, 1997; Ryan et al., 2001) . This model assumes a persistent involvement of the hippocampal region in episodic (though not necessarily in semantic) memory retrieval, irrespective of the time point at which the information was acquired. According to the multiple trace theory, each reactivation of a memory leads to the creation of a new memory trace, each of which is assumed to involve an ensemble of hippocampal and neocortical neurons. The proliferation of the memory traces occurring with repeated reactivation of each of the memories is supposed to render older memories less susceptible to disruption from hippocampal damage than recent ones. Depending on the location and the extent of medial temporal damage, distinct types of retrograde amnesia may then result.
Two recent functional neuroimaging studies support the multiple trace theory (Maguire et al., 2001a; Ryan et al., 2001) . Using event-related fMRI, Maguire and colleagues parametrically varied the remoteness of autobiographical and public event memories (Maguire et al., 2001a) . Stimulus sentences were presented auditorily, and subjects indicated by pressing a key whether each statement was true or false. Neural activity in the ventrolateral prefrontal cortex (bilaterally, but predominantly right-hemispheric) decreased parametrically with increasing remoteness of autobiographical memories. No parametric effect related to memory age was observed in the hippocampal regions. However, speci®c aspects of the experimental design are likely to have prevented the possibility of a differential hippocampal involvement in recent and remote autobiographical memory retrieval from being observed in that study. For example, the decision task employed may have prompted subjects to focus on the decision component rather than the vivid recollection of personal past episodes (Maguire et al., 2001a) . It is conceivable that one knows whether or not a statement depicts a personal past episode without engaging at depth in the retrieval of the details of the respective episode. Ryan and colleagues also demonstrated the absence of differential hippocampal activations in recent and remote autobiographical memory retrieval (Ryan et al., 2001) . In this study, no distracting task was employed during the retrieval condition that might have prevented subjects from concentrating on the recollection of autobiographical experiences.
By contrast, two other fMRI studies employing topographical (Niki and Luo, 2002) and semantic (Haist et al., 2001) memories have provided evidence for a differential involvement of the hippocampal region in recent and remote memory retrieval. Using blocked fMRI, Haist and colleagues investigated the neural correlates of recent and remote memories by applying a famous faces test, thus primarily measuring semantic memory. They reported memories for faces from the 1990s only with increased neural activity in the hippocampal region bilaterally (relative to memories for faces from more remote decades). Furthermore, right entorhinal cortex activations showed a linear decrease from recent to remote decades suggesting that this brain area is more enduringly involved in long-term memory retrieval than the hippocampal formation (Haist et al., 2001) .
In good accordance with the ®ndings above, Niki and Luo (2002) provided evidence for a time-limited engagement of hippocampal and parahippocampal regions in topographical autobiographical memory. Memories for places the subjects had visited within the last 2 years prior to the investigation were associated with hippocampal and parahippocampal activations, while memories for places visited > 7 years before did not yield any medial temporal activations.
It should be noted that subject numbers were small in all these fMRI experiments on recent and remote memory retrievalÐsix in Maguire et al. (2001a) , seven in Ryan et al. (2001) , eight in Haist et al. (2001) and nine in Niki and Luo (2002) . One should thus be cautious in interpreting the data reported in these reports. Furthermore, none of the studies employed statistical models allowing for inferences to the general population. Our current data (based on n = 20, using a random effects model which allows inferences to the general population) strongly support the view of a time-dependent differential involvement of the hippocampal region in longterm episodic memory retrieval. The BOLD signal plots of the hippocampal regions (Fig. 1 ) activated in our study clearly demonstrate that recent (relative to remote) memories (irrespective of emotional content) led to increased neural activity in the hippocampal formation.
Interestingly, this differential involvement of the hippocampal complex in recent versus remote memories is paralleled by the sequential development of memory loss in Alzheimer's disease. The loss of recent memories appears during Braak stages III±IV, when conspicuous neuro®brillary changes are restricted mainly to the hippocampal and parahippocampal regions (Braak et al., 1996) . Only during later stages (Braak stages V±VI), as the neuro®brillary changes spread out to the association areas of the neocortex, do the remote memories also become impaired. These pathological and neuropsychological ®ndings thus support the suggested predominant role of the hippocampal formation in the retrieval of recent relative to remote memories demonstrated directly in the current study.
It should be kept in mind, however, that in the present study recent and remote autobiographical memories did not only differ with respect to the factor TIME but also with regard to picture-likeness, emotionality and the richness of details of memories, as well as to the degree subjects re-experienced their autobiographical past events. Although we consider it unlikely, differences in imageability or emotional load of the stimulus material could, at least in principle, account for the observed differential neural activity. However, no differential activations were observed in striate/extrastriate areas or the amygdala complex to support such an argument. Our ®ndings thus provide direct support for a time-dependent degree of involvement of the hippocampal region in autobiographical memories.
Obviously, the factor TIME cannot simply be viewed as some kind of formal temporal criterion. Rather, one needs to account for its differential effects on the dimensions of imageability, emotionality, re-experience and details of memories (see behavioural data). Hence, the differences observed between recent and remote memories along any of these dimensions may have contributed to the differential activation patterns associated with the retrieval of recent relative to remote memories. Autobiographical memories typically differ from each other along these dimensions. It will thus barely be possible to match autobiographical memories perfectly for the respective factors. However, Haist and colleagues have also shown a time-dependent differential hippocampal involvement in long-term memory using a famous faces test (Haist et al., 2001) , which is less susceptible to the above confounds. Although the famous faces test draws on semantic rather than episodic memory processes, it is reasonable to assume that the differential involvement of the hippocampal formation in recent versus remote memories re¯ects a more general time-dependent hippocampal role in memory consolidation.
A second putative confound common to all experiments contrasting recent and remote autobiographical memories also needs to be considered. By necessity, retrieval of memories is accompanied by simultaneous re-encoding processes, which are at present poorly understood (Buckner et al., 2001) . Since in our study both remote and recent autobiographical memories had to be retrieved (and hence reencoded) during the interview 5±6 weeks prior to the scanning session, we cannot exclude the possibility that childhood memories were refreshed, leading to alterations (in the sense of an interaction) in neural activation patterns associated with retrieval of these memories during scanning. Activation patterns of recent and remote memories might thus have become similar to each other. For example, in a study of fear memory consolidation in rats, Nader and colleagues demonstrated that consolidated fear memories return to a labile state when they are reactivatedÐwith the reactivation being induced 1 or 14 days after conditioning (Nader et al., 2000) . For reconsolidation, this labile state required de novo protein synthesis (see also Land et al., 2000) . These ®ndings may be taken as evidence that consolidated memories become similar to unconsolidated ones by reactivation, i.e. by each instance of retrieval and reencoding. It should be noted, however, that the study by Nader and colleagues (Nader et al., 2000) bears on time intervals that are entirely different from those referred to in the current study. Thus, in the case of autobiographical memories of events that happened > 20 years ago retrieval and re-encoding processes must not necessarily yield biochemical reactivation mechanisms such as reported by Nader et al. (2000) . Also, autobiographical memories are retrieved and re-encoded throughout one's whole life. The behavioural importance of the interview prior to scanning with an interval of 5±6 weeks should thus not be overestimated. Moreover, if the hippocampal activation resulted from re-encoding rather than retrieval, the induced BOLD signal changes in this region should have been fairly similar during all four memory conditions.
The observed bilateral activation of the posterior aspects of the hippocampal region is also in good accordance with recent evidence for a functional segregation within the human hippocampal formation. This suggests a rostral±caudal functional division within the hippocampal region, with encoding demands (predominantly) activating the anterior part of the hippocampal region and retrieval demands (predominantly) activating the posterior aspect of the hippocampal region (Lepage et al., 1998; Dolan and Fletcher, 1999) . A similar segregation has also been observed with stimulus novelty leading to activation of the anterior part of the hippocampal region and stimulus familiarity activating the posterior part of the hippocampal region (Strange et al., 1999) .
The retrosplenial cortex
Retrieval of recent autobiographical memories was also associated with increased neural activity in the retrosplenial cortex (bilaterally) extending into parts of the posterior cingulate cortex. Activation of a comparable region associated with autobiographical memory has been observed previously (Fink et al., 1996; Maguire et al., 2001b) . Furthermore, activation of this area has recently been reported in fMRI studies on person familiarity ) and a case of lexical synaesthesia for familiar names (Weiss et al., 2001 ). In the former study, increased neural activity in the retrosplenial cortex was related to the processing of personally familiar faces or voices (when compared with unfamiliar faces or voices). In the latter study, a comparable cortical region became activated when the subject experienced synaesthesia for personally familiar names only. Based on our behavioural data, recent autobiographical memories were more emotionally laden and familiar to our subjects than childhood memories. Taken together, our current ®ndings and previous data suggest that the activation of the retrosplenial cortex associated with recent relative to remote memories may result from retrieval of personally familiar information in a more general sense. An alternative account for the activation of the retrosplenial cortex is provided by a number of functional neuroimaging studies on emotion processing, which revealed increased neural activity in the retrosplenial cortex associated with responses to the presentation of emotional relative to neutral stimulus material (Maddock, 1999) . Since our debrie®ng results (see above) provided higher ratings for the item emotionality' for recent (relative to remote) autobiographical memories, our data could also be interpreted as re¯ecting a retrosplenial involvement in emotion processing.
Anatomically, as well as behaviourally, an expanded network relates retrosplenial and hippocampal structures to memory processing. Anatomically, the retrosplenial cortex lies adjacent to the retrocommissural hippocampus, a small tissue stripe extending around the posterior end of the corpus callosum. It is connected with the entorhinal, the parahippocampal and the perirhinal cortex. The retrosplenial cortex is thus closely associated with the hippocampal formation and other structures of the medial temporal lobe subserving memory functions and emotion processing (Insausti et al., 1987) . There are several behavioural studies that demonstrate severe and lasting amnesia following selective retrosplenial damage (Bowers et al., 1988; Gainotti et al., 1998; Heilman et al., 1990) . The retrosplenial cortex and its multiple anatomical connections could thus provide a basis for the interplay among emotion and cognitive components that autobiographical memories are typically composed of.
Interestingly, retrieval of remote (relative to recent) memories did not yield any statistically signi®cant differential activations, suggesting that memories which become independent of the hippocampus might be stored in the same cortical regions as those still relying on an hippocampal involvement.
Main effect of the factor EMOTION
The observed bilateral increases in neural activity in the medial basal temporal cortex (with the local maximum being in the entorhinal region associated with positive relative to negative emotional tone of the episodes retrieved) complement other functional neuroimaging studies that have implicated amygdala and adjacent areas in memory and emotion (e.g. Schneider et al., 1995; Breiter et al., 1996; Ketter et al., 1996; Morris et al., 1996; Lane et al., 1997; Garavan et al., 2001) . The entorhinal region, as well as its neighbouring medial temporobasal areas, is strongly interconnected with the retrosplenial cortex; all have been implicated in learning, memory and emotional behaviour (e.g. Wyss and Van Groen, 1992) . The medial temporobasal areas, including the entorhinal region, are thus likely to hold a key position within the neural networks mediating the interplay among memory and emotion.
Despite the general consensus of a medial temporal involvement in emotion processing, the data show great variance with regard to both the precise structures involved and putative hemispheric asymmetries. For example, while some studies imply the left amygdala in negative emotion processing (e.g. Schneider et al., 1995; Breiter et al., 1996; Ketter et al., 1996; Morris et al., 1996) , others have reported the opposite functional lateralization (Canli et al., 1998; Zalla et al., 2000) . Since in the present study we observed bilateral entorhinal and adjacent mesio-limbic activations associated with the recollection of positive personal memories, we cannot address the speci®c issue of lateralization of amygdala functions. However, together with the above ®ndings, our data suggest that the issue of lateralization of medial temporal functions may be highly context-dependent, as is the case with hemispheric asymmetries associated with episodic memory processing (see above).
Interestingly, our data are in line with recent investigations of emotion processing in patients with Alzheimer's disease. There is a general agreement that already early stages of Alzheimer's disease are associated with impairments of emotion processing (e.g. Abrisqueta-Gomez et al., 2002; Hargrave et al., 2002) and interpersonal behaviour (Shimokawa et al., 2001) . The ®nding that the entorhinal cortex and adjacent limbic areas are speci®cally affected by brain pathology in early Alzheimer's disease (e.g. Braak et al., 1996 ; see above) is in good accordance with the observation of these behavioural de®cits. Interestingly, one recent study (Padovan et al., 2002) reported positive (relative to negative) information to be more vulnerable to the disease, suggesting that these medial temporal regions might be particularly engaged in the processing of positive emotions. Our data directly support the above hypothesis, as the entorhinal region and its adjacent limbic structures were relatively more involved in retrieving positive than negative memories. In addition, our data suggest that the bilateral activations of the entorhinal region and adjacent meso-limbic areas, in conjunction with activation of the orbitofrontal cortex, may re¯ect key components of the functional neuroanatomy underlying the retrieval of positively valenced autobiographical memories. There is already some evidence that medial temporobasal areas, including the entorhinal region and the amygdala, are speci®cally engaged in the processing of positively valenced emotion (Garavan et al., 2001; Hamann and Mao, 2002; Padovan et al., 2002) , despite some con¯icting results suggesting that these areas are more involved in negative emotion (e.g. Whalen et al., 1998; Morris et al., 2001) . Our data showing bilateral entorhinal and neighbouring mesiotemporal activations in response to positive valenced autobiographical stimulus material complement another recent fMRI study investigating amygdala involvement in the processing of positively and negatively valenced emotions (Garavan et al., 2001) . In this study, the arousal level of the stimuli (high versus low) modulated the amygdala responses to negative stimuli. By contrast, no such effect was observed for positively valenced stimuli, where even a low arousal level for positive stimulus material was suf®cient to produce a signi®cant amygdala response. In the present study, emotional valence and arousal level associated with each type of autobiographical memory (recent, remote, positive, negative) were not distinguished systematically, and therefore we cannot address this issue systematically. It should be noted, however, that the limbic activations related to the recall of positive personal memories are unlikely to re¯ect differences of emotional intensity, or the degree of re-experiencing across conditions as there were no signi®cant differences revealed by the post-scanning debrie®ng of the subjects.
Activation of the orbitofrontal cortex has been shown in the appraisal of reward (Rogers et al., 1999) , the control and correction of behaviour related to reward and punishment (Rolls, 2000) , and the retrieval of sad and happy life events (George et al., 1995) . Interestingly, the orbitofrontal cortex has also been implicated in the retrieval of items from positive relative to negative emotional context (Maratos et al., 2001) , which is in good accordance with our suggestion that this region may be preferentially engaged in the retrieval of autobiographical memories associated with positively valenced emotional context. The reverse ®nding, namely signi®cantly less activation in the medial orbitofrontal cortex, has been found in patients with posttraumatic stress disorder who in a symptom-provocation experiment had to reexperience traumatic memories (Lanius et al., 2001) .
Our data also suggest that the right middle temporal gyrus is implicated in the processing of negative emotions. This ®nding is supported by a study that reported activation of this area in response to the presentation of negative facial expressions (Iidaka et al., 2001) . The additional activations observed in that study (left inferior frontal gyrus and left precentral gyrus) may have resulted from task demands other than those implicated in our study.
No signi®cant interactions between time and emotion were observed. This is likely to re¯ect the fact that the subjects' ratings for the items picture-likeness, emotionality, reexperience and richness of details was higher for recent memories than remote ones (see behavioural data). The data thus suggest that the main effect of time includes changes in emotional valence, as discussed above.
Conclusions
In conclusion, our data provide clear evidence that both differential remoteness from the date of information encoding and differential emotional valence modulate the neural activations in key regions within the networks known to support episodic autobiographical memory retrieval (Fink et al., 1996; Maguire et al., 2001b) . Our current study shows a differential involvement of both the hippocampal and the retrosplenial region during the retrieval of recent versus remote memories. By contrast, the orbitofrontal cortex as well as the entorhinal region and adjacent medial temporobasal areas were observed to be differentially more active in positive than in negative autobiographical memory retrieval. Importantly, our data demonstrate a time-dependent differential involvement of the hippocampal region in autobiographical long-term memory processing. This is consistent with the view that the hippocampal formation functions as a distributor during memory consolidation (Teyler and Perkins, 1988) , but becomes largely obsolete once the information has been ®rmly integrated in (primarily) neocortical networks (Damasio, 1990; McClelland, 1994; Mesulam, 2000; Squire and Knowlton, 2000) .
